Pseudopotentials and valence basis sets to be used in calculations for organometallic compounds of zinc and magnesium have been tested in calculations for the M(CHa)n (M = Zn, Mg; n = 1,2) molecules.
INTRODUCTION
Considering the fact that organozinc and organomagnesium compounds belong to the most important organometallic compounds in synthesis and that zinc and magnesium are of crucial importance also in many biological systems, it is surprising that reliable ab initio data on these compounds are very scarce.
Comparing the chemistry of zinc and magnesium is a very rewarding field, because in spite of striking similarities (e.g., atomic and ionic radii, aqueous chemistry) the presence of a filled 3d-shell in the zinc atom leads to significant differences (e.g., lower reactivity of the Zn organometallic compounds). The difference of the simple dialkyl compounds is particularly apparent. Dimethyl and diethylzinc, which were already discovered in 1848 by Frankland (cf. reference 1) , are volatile liquids that consist ofmonomers with CZnC-angles of 180°2 whereas their magnesium analogues are polymeric solids with bent CMgCunits 3 (comparable to the dialkylberyllium compounds) that did not receive much attention in the shadow of the famous Grignard reagents.
For our intended calculations on relatively large complexes of dialkylzinc and dialkylmagnesium compounds with unsaturated nitrogen ligands 4 we had to choose a practicable ab initio approach. The use of pseudopotentials on the metals and for the larger systems even on the first-row elements offers obvious benefits. The question remaining was how large the cores on the metals can be chosen and to what extent the valence basis sets can be truncated without introducing significant errors. Furthermore, be-*'Ib whom all correspondence should be addressed.
cause correlation effects can hardly be treated accurately in larger systems, one should at least be able to estimate, from calculations on smaller molecules, errors which are to be expected at the Hartree-Fock level of theory.
Therefore we have chosen the dimethyl compounds and the methyl radicals of zinc and magnesium to compare results of pseudopotential calculations with different cores (for M = Zn) or pseudopotential and all-electron results (for M = Mg) as well as different basis sets and methods to account for correlation effects; this comparison is made for various properties like geometries, force constants, Mulliken populations, and the energies of ionization, atomization and binding.
While model potential 5a and all-electron calculations for Zn(CH a )2 (in a paper by Barandiaran et a1. on basis sets for studies of transition metal compounds 5b and in a comparison of calculated and experimental geometries by Almenningen et 13:"2) and for MgCHa and HMgCHa6 have been done before, the only available comparison of the two dimethyl compounds are single point pseudopotential calculations by Ratner et a1.
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METHODS
Pseudopotentials
The pseudopotentials VCr) employed are semilocal potentials of the form
where Q is the core charge and PI is the projector 
is used, where f is the field generated by valence electrons and surrounding cores at the site of a given core, aD is the core dipole polarizability and /) is a cutoff parameter.
ll Single-electron-fit (SEFIT) pseudopotentials adjusted to experimental and Dirac-Fock data with a Ne-like core for magnesium and with a He-like core for carbon, are taken from references 12 and 13, respectively. In some cases for these two elements all electrons are treated explicitly. The magnitude of the correlation energy calculated strongly changes, of course, with the size of the pseudopotential core employed or when explicitly excluding core orbitals from correlation. Table 11 shows that for zinc there is a significant contribution from the d shell to the correlation energy, almost half of it originating from angular correlation.
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RESULTS AND DISCUSSION
Dimethyl Compounds
Geometries
The barrier of rotation around the MC bonds was found to be negligible in our calculations for both M = Zn and M = Mg (which is consistent with the experimental data on dimethylzinc 21 ). In subsequent calculations, we chose an eclipsed conformation for geometries close to the energy minimum. Both molecules were generally found to have CMC-angles of 180 0 in their ground state. The optimized geometries are summarized in Tables III and IV. At the Hartree-Fock level all pseudopotentiall basis set combinations (Bl through B5) used for dimethylzinc give geometries in good agreement with the all-electron SCF calculations of Almenningen et a1. 2 but they overestimate the experimental ZnC-distance by ca. 5 pm. This is consistent with results of Barandiaran et a1. 5b which show that while minimal basis sets or basis sets with a small inner-core part under- "Only the main AD-components of the MOs explicitly excluded from correlation are denoted. bOnly the valence correlation energy is specified. ·Only the force constant of the isolated ZnC stretch was calculated from a third order polynomial. bAlmenningen et al.
•
CAll MOs with mainly d-orbital-eharacter on zinc have been excluded from correlation. dOnly the ZnC-distance has been optimized, starting from the corresponding SCF -geometry. "Only the force constant of the isolated MgC stretch was calculated from a third-order polynomial. ~he experimental value was taken from the polymeric solid (Weifj [3] ) where the interatomic distances are probably much longer than for the unknown gas phase structure.
cOnly the MgC-distance was optimized, starting from the corresponding SCF -geometry estimate the ZnC-distance larger basis sets overestimate it.
The deviation from experiment can only be reduced by considering both valence and core valence correlation. Neglect of the latter leads to even larger ZnC-distances than the SCF values and consequently yields too small ZnC force constants. The polarization potential together with an SDCI + Q calculation to account for valence correlation significantly improves the ZnC distance and force constant compared to the calculation with valence correlation only.
For dimethylmagnesium the experimental MCdistance taken from the polymeric solid state structure 3 " is not a good criterion. Taking our best calculation (with Bl + /CEPA 1) as a reference (there are no calculations or gas phase data available in the literature), the results suggest that the role of correlation for geometry is only minor; the differences between the various basis sets are below 2 pm and l O in distances and angles, respectively. The SCF calculations give the usual 10 to 20% overestimate of the MC force constant.
Ionization Potentials
In view of the experimental value of 9.46 eV for dimethylzinc,22 Koopmans' theorem seems to hold well for this compound whereas the aSCF -values consistently are too small by about 0.8 to 0.9 eV (Table V) . With Bl + /CEPA 1 the major part of the correlation contribution is recovered whereas B3/CEPA 1 yields a much too small contribution. Obviously core valence correlation plays an important role for the first ionization energy in dimethylzinc. Unfortunately the polarization potential does not reproduce this effect.
For dimethylmagnesium no experimental data are available. Comparison with the CEPA 1 calculations suggests, however, that the aSCF values are to be preferred here over Koopmans energies.
Energies of Atomization
The calculated values of atomization energies are listed in Table VI . In addition to the uncorrected values, i.e. values obtained by subtracting from the molecular energies the sum of atomic energies evaluated with the corresponding atomic basis sets, we give values corrected for basis set superposition errors (BSSE) where the atomic energies are evaluated with the molecular basis. 23 Generally Bl to B3 show comparable accuracy while B4 shows the effect of the missing polarization functions on carbon and hydrogen. For B5 the BSSE becomes significant, leading to higher uncorrected values than for B4. Barandiaran et a1. 6b showed that large basis sets lead to values between 0.8 and 0.85 a.u. whereas minimal basis sets and basis sets with small inner-core parts give values considerably smaller than 0.8 a.u.
Correlation effects amount to about 0.2 a.u. for both species, ::;;;10% of which is contributed by core valence correlation for dimethylzinc. The experiment gives about 1.06 a. u. for this molecule.
5b Again the polarization potential on zinc can not faithfully simulate the effect of core valence correlation.
Mulliken Charges
The strong basis set dependency of Mulliken charges can be seen from Table VII. The different nodal structure of the pseudoorbitals for different core definitions also has a significant effect on the Mulliken populations (e.g., see Bl, B2 for M = Zn in Table VII) .
Therefore one should only compare Mulliken populations for similar basis sets and a similar valence space.
For the basis set combinations from B2 to B5 this is possible; in each case magnesium has a higher positive charge than zinc, in agreement with chemical experience. A contradictory result of Ratner et al. 7 can be attributed to an unfortu- nate choice of geometries in conjunction with too small basis sets (particularly on the metal). Combination B5 shows the same defect when used at the geometries employed in reference 7, while the larger basis sets do not.
Comparison of the Two Dimethyl Compounds
In both molecules the bonding between metal and carbon can be described as semipolar with u-character. At the SCF-Ievel, neither P1T-contributions nor contributions from d orbitals (for zinc) play a major role. For C2v symmetry, the two canonical orbitals that bear the major part of MC-bonding belong to the irreducible representations bl(HOMO) and al (Fig. 1) .
The contribution of the HOMO is responsible for the linear CMC geometry because overlap between the M -p .. -orbital and the ligand orbitals is favored by this arrangement. The removal of an electron from this MO through excitation to the lowest triplet state (bl ~ al *) consequently leads to a bent geometry. Calculations with B3/CEPA 1 or B3/SDCI +Q show this state to have a CMC-angle of ca. 100 0 for both molecules, which is consistent with experimental results. 24 In the magnesium compounds boths MOs have a lower population on the metal than for zinc Moreover the MC force constants (see Tables III and IV) and the binding energies (see Table X) show the MgC-bond to be weaker. Together these data strongly support the more ionic character of organomagnesium compounds as compared to organozinc compounds.
Monomethyl Radicals
To study differences arising from the treatment of open shell systems in comparison to the closed shell dimethyl compounds and to get data about the homolytic MC-bond fission, some of the methods used in the preceding section have been applied to the monomethyl radicals of the two metals.
Geometries and Force Constants
No experimental data on geometries and force constants for these open shell systems are available. Our calculated results are listed in Table IX. The MC bond lengthening effect of valence correlation becomes significantly larger than for the Use of the polarization potential improves the ZnC distance as compared to B3/CEPA 1, but the value is still larger than for B1 + /CEPA l.
For methylmagnesium the SCF calculations give too small MgC distances (about 2-3 pm) and force constants about 10 to 20% too large, again. For both radicals, the SCF calculations slightly underestimate the CH-distances and slightly overestimate the MCH-angles (1 pm and 1 0 respectively).
MC-Bonding Energies
To get a measure of the strength of MC bonds in the dimethyl and monomethyl compounds, the following homolytic bond fission reactions were examined:
For the CHa radical the calculated CH distances (109.3 (BljCEPA 1), 108.5 (B3jCEPA 1), 107.5 (B3) pm, D3h symmetry) were used. The calculated binding energies have not been corrected for zero point vibration. For the magnesium compounds no experimental data are available. As for the other properties of the Mg compounds valence correlation plays a dominant role.
The result of a seemingly higher dissociation energy of the methylmagnesium radical may well be an artifact of the incomplete treatment of correlation for the zinc compounds (even for B1 + / CEPA 1). Still these values together with the bond lengths and MC-force constants of the radicals indicate the strengths of the ZnC-and MgCbond to be much smaller and more similar for these species than for the dimethyl compounds.
CONCLUSIONS
The present calculations allow a comparison of the simplest organometallic compounds of zinc and magnesium. Dimethylmagnesium in its monomeric form has been shown to be more ionic than its zinc analogue. The longer MC bond for M = Mg is in good agreement with the larger covalent radius tabulated for magnesium. 26 But as expected the MgC distance is still much smaller than the one taken from the solid state structure. 3 The smaller CMC-bending force constant for M = Mg as compared to M = Zn also is consistent with the higher tendency of organomagnesium compounds to polymerize and achieve higher coordination numbers. For the monomethyl radicals the differentiation between the two metals from the present data is less clearcut.
On the SCF level all the pseudopotentiallbasis set combinations considered give comparable geometries, MC force constants and ionization energies. The atomization energies of the dimethyl compounds show a significant BSSE with the smallest basis sets considered (B5 which is basically a DZ valence basis set with a small number of primitives for all atoms). Generally the use of this and comparable basis sets is not recommended. The combinations B1 to B3 show similar flexibility, so B3 can be expected to give good results in SCF-calculations on medium-size systems with significant savings in the amount of computer time compared to Bl. For large systems B4 seems to be a reasonable compromise.
In addition to the usual bond lengthening effects of valence correlation in main group compounds, for the zinc containing compounds the high polarizability of the 3d shell leads to a valence shell contracting effect of core-valence correlation. For dimethylzinc, therefore, the SCF-values overestimate the ZnC-distance while for methylzinc the even higher core valence-and valence-correlation effects for the ZnC-distance compensate each other to the extent of giving similar ZnC-values in SCF-calculations and calculations considering both correlation components.
A polarization potential in conjunction with the Ar[3d 1 oJ-core pseudopotential on zinc and valence SDCI + Q-calculations can account for parts of the ZnC bond shortening effect of core polarization. The results for dimethylzinc are more encouraging than for the methylzinc radical. Only small parts of the influence of core valence correlation on the energies of ionization, atomization and bonding can be recovered, however, by this means.
This study shows that the ab initio calculation of many properties of still larger organozinc and -magnesium compounds with good accuracy seems to be within reach by means of the pseudopotential method.
APPENDIX
All pseudopotential-and basis set parameters used in this article, that have not been published previously, are listed below. 
